We used lectin overlay blotting and SDS-PAGE to analyze the estrous cycle-specific expression of mouse vaginal epithelial glycoproteins. Seven leains chosen for theit Werential carbohydrate-binding specificity revealed 15 glycoproteins that showed cycle-related expression. Each lectin had a unique binding pattern di&rent from the pattems revealed by other l&.
Introduction
Mouse vagina is lined by squamous epithelium which undergoes typical estrous cycle-related changes, presumably under the influence of sex hormones (Nelson et al., 1982; Putti and Varano, 1979) . In the proestrous phase the superficial layers of the epithelium undergo mucinous transformation, during which the cells of the two periluminal surface layers transdfierentiate from squamous into cuboidal mucinous cells (Walker, 1960) . These changes in cell morphology are accompanied by alterations in the cytoskeleton (Horvat et al., 1992a) and the appearance of distinct complex carbohydrates recognizable by lectin histochemistry (Vrcic et al., 1991) .
Vaginal epithelial differentiation and its hormonal regulation have been analyzed in detail by autoradiography (Galand et al., 1971; Traurig, 1971; Husbands and Walker, 1963) , electron microscopy (Hayashi et al., 1988; Eddy and Walker, 1966) . histochemistry (Putti and Varano, 1979; Green, 1959) , and in tissue culture (Cooke et al., 1986; Iguchi et al., 1983) . However, associated biochemical alterations of vaginal glycoconjugates and their ultrastructural localization have not yet been determined.
We have previously used lectin histochemistry to define the estrous cycle-related changes in expression of lectin-binding sites in the mouse vaginal epithelium (Vrcic et al., 1991) . In that study we screened 30 lectins to identlfy those that would be most useful for subsequent biochemical analysis and purification of vaginal glycoconjugates. Seven lectins recognizing different carbohydrateaffinity groups were used in the present study to further characterize vaginal glycoproteins by lectin overlay blotting, leading to the discovery of a major proestrus-specific glycoprotein. We show that this glycoprotein is a component of cytoplasmic mucous droplets of cuboidal cells and that it can also be found in the vaginal lumen.
Materials and Methods
Animals. Sixto 8-week-old Swiss Webster mice were maintained on a regular photoperiod of 12-hrlight and 12-hrdark with free access to food and water. Vaginal smears were taken every morning at the same time during three cyclic periods and classified according to standard cytological criteria to determine regular cyclicity (Allen, 1922) . Mice demonstrating three consecutive cyclic periods were used in proestrous, estrous, metestrous, and diestrous phases of the estrous cycle. Four or five animals were sacrificed in each experimental group and vaginal samples were pooled for electrophoretic analysis. From each vagina used for biochemical analysis a small piece of tissue was cut, covered with OCT (Lab-Tek; Naperville, IL), and snap-frozen in 2-methylbutane pre-cooled in liquid nitrogen. Specimens were sectioned on a cryostat and stained with hematoxylin and eosin to confirm the cytological diagnosis of estrous-cycle phases.
Sample Preparation. Mice were sacrificed by cervical dislocation and vaginae were removed and placed on ice. They were then slit longitudinally, the vaginal epithelium separated from underlying stroma by scraping, and the epithelium was homogenized in cold PBS containing 0.1% phenylmethylsulfonil fluoride (PMSF) protease inhibitor. Samples ofwholecell protein extracts were prepared by solubilization of vaginal epithelial homogenates with SDS-sample buffer (Laemmli, 1970) . After 5 min of boiling, samples were microcentrifuged at 14,000 x g, 4"C, for 15 min and supernatants were collected and stored at -80°C until electrophoresis.
Electrophoresis. Electrophoretic analysis of total cell proteins of vaginal epithelium was performed as described earlier (Horvat, 1991) . Protein assays of vaginal epithelial extracts were performed according to the method of Bradford (1976) with bovine serum albumin as standard. Sample aliquots containing equal amounts of total protein (15 pgllane) were loaded onto a 2.545% liner gradient SDS-PAGE gels. The running time was approximately 3 hr at 40 V constant voltage per slab. Molecular weight markers were purchased from Bio-Rad (Richmond, CA). For total cell protein analysis, after the electrophoresis gels were fixed in 50% methanol overnight and proteins were visualized by silver staining with a silver-staining kit from Accurate (Westbury, NY).
Lectin Blotting. After electrophoresis, proteins were transferred electrophoretically onto nitrocellulose paper in transfer buffer and processed for lectin overlay blotting as described by Horvat (1993) . After transfer at constant voltage for a total of 200 Vhr, nitrocellulose papers were stained with Fast Green, destained, and washed in 0.1% TEST (100 mM Tis-HC1, 150 mM NaCI, 0.1% Tween 20, pH 8). Blots were then incubated overnight at 4°C with alkaline phosphatase (AP)-labeled lectins ( Nglml (WGA, RCA-11, LCA) and 50 pg/ml (MPA, RCA-I, LPA, ITA). After overnight incubation, blots were washed in AP buffer (100 mM Tis-HCI, 100 mM NaCl, 5 mM MgZCI, pH 9.5) for 15-20 min. Lectin-binding glycoproteins were detected by the ARsubsttate solution containing bromochloroindolyl phosphate and nitroblue tetrazolium (BCIPlNBT) in AP buffer, as instructed by the supplier (Sigma; St Louis, MO). Control blots were pre-incubated with 0.1 M specific inhibiting sugar ('hble 1) and treated as described above.
Ultrastructural Lectin Histochemistry. Mouse vaginal biopsy specimens were collected in cold PBS, pH 7.4, and immediately fixed in freshly prepared 1% glutaraldehyde/O.l% paraformaldehyde in PBS for 30 min. The tissues were washed three times with PBS, 10 min each. Unreacted free aldehyde groups were blocked by a 30-min incubation in 50 mM N&CI in PBS. After three rinses in PBS, the tissue was dehydrated through graded ethanols and impregnated with Lowicryl K4M at -35°C. Polymerization was done at -4O'C under w light for 24 hr, followed by 48 hr with w light at room temperature. Thin sections of surface epithelium were mounted on formvar-coated nickel grids and subjected to post-embedding lectin labeling. To reduce background labeling, the unspecific binding sites were blocked by floating the grids on droplets of 0.1 M Tis-HCI, pH 7.4, 0.5 M glycine for 10 min at room temperature. The sections were then incubated with biotinylated WGA lectin, 50 vg/ml, diluted in 0.1% BSA-Tris-saline (20 nM Tris-HC1, pH 7.4, 500 mM NaCI, 0.05% Tween 20) for 30 min at room temperature. The grids were washed in 0.1% BSA-Tis-saline, followed by monoclonal anti-biotin colloidal gold complex (EY Laboratories): gold particles 10 nm; diluted in 1% BSA-Tis-saline; O D I~I "~ = 0.1, for 1 hr at room temperature. The sections were washed twice for 10 min in Trissaline, followed by two rinses in distilled water. Finally, the thin sections were stained lightly with uranyl acetate and lead citrate for electron microscopy. The sections were examined with a Philips CMlO electron microscope.
Results

Gradient Gel Electrophoresis
All experiments were performed with three independently extracted samples, each representing vaginal epithelium pooled from four or five animals. Protein extracts from proestrus, estrus, metestrus, and diestrus were run in parallel in every experiment to make a comparison of lectin-binding patterns reliable. Our results show that in mice the patterns of vaginal epithelial protein expression are phase-specific and highly reproducible.
Electrophoretic separation of total cell proteins of vaginal epithelium on 2.5-15 % gradient polyacrylamide gels revealed approximately 50-60 distinct bands detectable by silver staining ( Figure   1 ). The comparison of protein patterns revealed nine protein bands that were differentially expressed during the four phases of the estrous cycle. Three bands, with molecular weights of 116 KD, 140 KD, and 154 KD, were specifically expressed in diestrus (Figure ID) and were not detectable in other phases, except for the weakly expressed MI 116 KD band in metestrus. The Mr 78 KD band (#8) showed peak expression in diestrus but was also found in the other three phases. Two protein bands, Mr 63 KD and 82 KD, were expressed specifically in proestrous/estrous phases, and the MI 45 KD band was found only in proestrus ( Figures 1A and 1B 
. . tin (Figure 7) . Four of these proteins (Mr 48, 57, 78, and 154 KD) could also be detected by lectin blotting as described below.
Lectin Overlay Blotting
Glycoproteins were identified in electrophoretically separated wholecell extracts of mouse vaginal epithelium by lectin overlay blotting. We analyzed only glycoproteins that were differentially expressed during the estrous cycle. Using seven lectins from five different carbohydrate-affinity groups ( Each lectin showed a unique binding pattern different from the other lectins. However, most glycoprotein bands reacted with more than one lectin and only four glycoproteins were detected by a single lectin: #3 (LTA), #5 (LTA), #lo (RCA-II), and #14 (LPA). Two glycoproteins, Mr 78 KD and 92/95 KD (#8 and #9). were reactive with all lectins used (Table 2) . Group (GalNAclGal) . In this carbohydrate-affinity group we used three different AP-labeled lectins: RCA-I, RCA-11. and MPA.
N-Acetylgalactosamine/Galactose
RCA-I, a lectin with primary affinity for P-D-galactose residues, reacted with six glycoprotein bands ( Figure 2 ). Five of these (Mr 36, 71, 92/95, 160, 174 KD) showed peak expression in proestrus and decreased or disappeared in other phases. Two of these were also weakly expressed in late diestrus (#9 and #12). The M r 78 KD (#8) was present in all four phases, although less prominent in estrus and metestrus.
RCA-11, a lectin with primary affinity for P-D-galactose/D-Nacetylgalactosamine residues, reacted with eight glycoproteins (Figure 3) . Seven of these were maximally expressed in proestrus (#2, #4, #7, #9, #lo, #12, #13) and were almost undetectable in other phases, except for the Mr 92/95 KD (#9), which also appeared in late diestrus. All except the 121 KD band (#lo) could be detected with one or more of the other lectins.
MPA, a lectin with affinity for a-N-acetylgalactosamine/a-Dgalactose, revealed only three bands (Figure 4 ) in a pattern different from the RCA-IIRCA-11. The only band found in proestrus was the 92/95 KD glycoprotein (#9), which appeared to be specific for this phase of the estrous cycle. This glycoprotein was weakly expressed in late diestrus and disappeared completely after peak expression in proestrus. One band was found in diestrus (#8). MPA also revealed the only estrus-specific band of Mr 59 KD (#6).
N-Acetylglucosamine (GlcNAc) and Sialic Acid (Neu5Ac) Group. Overlay with WGA. a lectin that binds to GlcNAc and NeuSAc, identified five glycoproteins (Figure 5) . The most prominent WGA-reactive bands were the Mr 92/95 KD (#9) and 2351250 KD (#15) glycoproteins, both with peak expression in proestrus and weakly or barely detectable in other phases. Estrus-phase epithelium expressed the 235 KD band of the doublet glycoprotein (#15) and estrus-specific M r 59 KD band (#6). The M r 78 KD band (#8) was detected in all phases except estrus. The Mr 154 KD (#11) was the only WGA-reactive diestrus-specific glycoprotein.
To further amplify these findings were also used LPA, a lectin that binds to sialic acid. Four glycoproteins were detected by LPA lectin blotting ( Figure 6 ). Three of these glycoproteins, M r 92/95 KD, 220 KD, and 2351250 KD, were maximally expressed in proestrus and decreased or disappeared completely in other phases. We assume that the glycoproteins #8, #9, and #15 are identical to those recognized by WGA, and that their reactivity with these two lectins could be attributed to sialic acid. The 220 KD glycoprotein (#14) was reactive only with LPA. From these data one could conclude that glycoproteins #8 and #3 have multiple carbohydrate chains and that the reactivity of glycoproteins #14 and #15 resides primarily in the sialic acid. a-L-Fucose Group. LTA. a lectin with affinity for a-L-fucose residues in Type 2 chain oligosaccharides (Pereira et al., 1974) . reacted with six vaginal glycoproteins (Figure 7) . Two bands (33 KD and 48 KD) were diestrus-associated. The 78 KD (#8) band was expressed in diestrus and proestrus and was barely detectable in estrus and metestrus. The 57 KD glycoprotein (#5), expressed in all phases except proestrus, seemed to be glycosylated only with the L-fucose residue, since it was detected exclusively by LTA. Its protein core showed the corresponding expression pattern, as revealed by silverstained gradient gel (Figure 1) . Two of the glycoproteins, M r 50 KD and 92/95 KD (#4 and #9), were found only in proestrus.
GlucoselMannose Group. LCA, a lectin with a carbohydrate specificity for the a-mannosyl residues of glycoproteins that contain fucosylated N-glycosidically linked complex oligosaccharides (Debray et al., 1981) . revealed five cyclic glycoproteins (Figure 8 ). Two bands (#I and #11) were expressed in both metestrus and diestrus. The M r 78 KD band (#8) was ubiquitous throughout the cycle. The M r 92/95 KD (#9) was present in proestrus only, the pattern similar to that seen by all other lectins. The MPA-and into the vaginal lumen, we performed electron microscopic lectin histochemistry with gold-labeled WGA. In early proestrus ( Figure  9a ) the squamous cells forming the three or four superficial layers began accumulating vacuoles, which within 4-6 hr led to the formation of cuboidal cells filled with mucous granules (Figure 9B ). as originally described by Eddy and Walker (1966) . The mucous granules of all these cells reacted strongly with gold-labeled WGA (Figure 10) . The gold grains were unevenly distributed but tended to concentrate in the central portion of the granules. Aggregates of gold granules were also seen in the vaginal lumen, indicating that this material is being secreted. Focally, the granules were attached to the villous and intervillous segments of the surface cell membranes, indicating that the glycoproteins coat the surface of vaginal cells.
Discussion
This study has expanded our previous lectin histochemical data and shows that the pattern of glycoproteins displayed by the mouse vag- has been widely used to study reproductive events in many species, such as guinea pigs (Chaminadas et al., 1989) . hamsters (Leavitt et al., 1985) . rats (Lejeune et al., 1985) . and mice (Horvat et al., resolution of one-dimensional protein separation can be significantly increased in combination with the lectin overlay technique. The higher capacity of lectin blotting to distinguish specific individual glycoproteins provides additional biochemical details not available from our previous lectin histochemical study (Vrcic et al., 1991) . The present study also shows that the changes in glycoprotein expression are very complex and estrous cycle phase-specific.
In the present study we used seven lectins chosen because of their carbohydrate binding specificity and the fact that some of them react differentially with mouse vaginal epithelium in various 1992b; Quarmby and Korach, 1984) . As shown in this study, the WGA-reactive estrus-specific Mr 59 KD (#6) glycoprotein was also detected by LCA.
Efectron Microscopic Lectin Histochemistry
To determine whether the major proestrus-specific glycoprotein is packaged into the mucin droplets of the cuboidal cells and secreted .. phases of the estrous cycle (Vrcic et al., 1991) . Although we limited our study to those 15 glycoproteins that showed cyclicity in their expression, it is remarkable that each lectin had a characteristic reaction pattern. The binding pattern was distinct for each lectin and different from the patterns obtained with other lectins. Even lectins that have nominally the highest affinity for the same terminal carbohydrates, such as GalNAclGal-specific lectins RCA-I, RCA-11, and MPA (Damjanov, 1987) , reacted in a different way and gave significantly different results. Obviously, carbohydrate specificity is only one determinant of lectin-affinity binding to a specific glycoprotein (Damjanov, 1987) . To obtain complete insight into the complexity of tissue glycoproteins it seems prudent to use several lectins for different carbohydrate-affinity groups, because each of them might reveal a distinct complex oligosaccharide. It is unsafe to conclude that a limited lectin screen has reveled all the tissue glycoproteins. since some glycoproteins might be reactive only with a single lectin. In contrast to vaginal glycoproteins that reacted only with a single lectin, we also noted that several cyclic glycoproteins reacted with more than one lectin. Some glycoproteins reacted with all seven lectins used in this study. Apparently these are highly glycosylated molecules displaying several sets of terminal oligosaccharides, which are probably 0-linked, as shown with RCA-I, and MPA, as shown by the overlay with LCA (Debray et al., 1981) .
Vaginal epithelial differentiation and its hormonal regulation have bene studied by a variety of methods and approaches (Tsai et al., 1991;  Conti and Tasat. 1986 ; Cooke et al.. 1986;  Galand and Vandenhende, 1973) . However, the associated changes in protein expression have received little attention. Proteins in vaginal secretions in humans have been studied by Itoh and Manaka (1988) . The effects of early exposure to diethylstilbestrol on vaginal protein expression have been described in mice (Uchima et al., 1990) .
Ours is, however, the first systematic study of vaginal epithelial protein expression related to estrous cyclicity. This is also the first biochemical documentation of the complex glycosylation of vaginal glycoproteins, and the first evidence that certain glycoproteins, such as the Mr 92/94 KD (479) glycoprotein, are proestrus-specific.
Some individual glycoproteins reported here probably correspond to glycoproteins in other reproductive tissues, judging from the reported biochemical (molecular weight and carbohydrate affinity) and/or functional characteristics (phase specificity). Thus, the M, 116 KD diestrus-related protein in vaginal epithelium corresponds to the previously reported endometrial protein, with the same molecular weight and phase specificity (Horvat, 1991) . The Mr 2351250 KD WGA-reactive glycoprotein (#15) expressed specifically in proestrous/estrous phases could be a vaginal equivalent of the endometrial and oviductal glycoprotein of the same molecular weight and carbohydrate affinity (Vrcic et al., 1993) . This glycoprotein was expressed in both endometrium and vagina only during the estrogen-dominated phases of the cycle (proestrus and estrus). On the other hand, in the oviduct it could be found throughout the cycle. This indicates that some glycoproteins are under hormonal control in some but not in all reproductive organs. The same applies to the 78 KD glycoprotein (#8), which is expressed in all phases of the cycle in vagina but is estrus-specific in the uterus (Horvat, 1993) .
The only vaginal glycoprotein found to be strictly estrus-specific was the Mr 59 KD (#6) band. A similar glycoprotein is also present in the immature oviduct. In adult mouse it is expressed in the oviduct only during the estrous phase (Vrcic et al., 1992) . However, the lectin affinities of the 59 KD vaginal protein match only partially with the properties of the oviductal protein of the same molecular weight. Both the vaginal and oviductal Mr 59 KD glycoproteins were MPA-reactive, whereas only the oviductal glycoprotein was RCA-I-reactive. This suggests that there are distinct, organspecific hormonally regulated glycosylation pathways of the same proteins in various organs.
The present data cannot be interpreted unequivocally but are, in our opinion, an essential step towards isolating the estrous cycle phase-specific glycoproteins of the vagina. Most prominent changes in glycoprotein expression are associated with the mucinous transformation of the surface epithelial layers in proestrus, the phase immediately preceding copulation. This indicates, in theory, that these glycoproteins could have several important reproductive functions, such as vaginal lubrication, bactericidal effects, increasing vaginal receptiveness to sperm, and sperm capacitation and/or preservation. Purification of the glycoproteins described here will en-able us to analyze the regulation of their expression and elucidate their reproductive functions.
